The mutant E270A of Thermus thermophilus 3-isopropylmalate dehydrogenase exhibits largely reduced (~1%) catalytic activity and negligible activation by K + compared to the wild-type enzyme.
ABSTRACT
The mutant E270A of Thermus thermophilus 3-isopropylmalate dehydrogenase exhibits largely reduced (~1%) catalytic activity and negligible activation by K + compared to the wild-type enzyme.
A 3-4 kcal/mol increase in the activation energy of the catalysed reaction upon this mutation could also be predicted by QM/MM calculations. In the X-ray structure of the E270A mutant a water molecule was observed to take the place of K + . SAXS and FRET experiments revealed the essential role of E270 in stabilisation of the active domain-closed conformation of the enzyme. In addition, E270 seems to position K + into close proximity of the nicotinamide ring of NAD + and the electronwithdrawing effect of K + may help to polarize the aromatic ring in order to aid the hydride-transfer.
Abbreviations:
IPMDH: 3-isopropylmalate dehydrogenase (EC 1.1. (IPM) to 2-oxo-4-methyl-pentanoate (isocaproic acid) in the presence of NAD + and a divalent cation (Mn 2+ or Mg 2+ ) in the leucine biosynthetic pathway of bacteria [1] . Since the chemical mechanisms of the catalysed reactions are similar, the architecture of the active sites of this class of enzymes is also very similar [2] . Yet, there are also notable differences in their functional
properties, e.g. monovalent cations K + and NH 4 + activate IPMDH [3, 4] and tartrate dehydrogenase [5] , respectively, while isocitrate dehydrogenase is insensitive of their presence [6] . In the crystal structure of the quaternary complex of Tt-IPMDH-Mn 2+ -IPM-NADH a bound K + -ion was observed in the active site [7] . Among the ligands coordinating K + -ion the side-chain of E270 (Fig. 1A) seems to play a peculiar role. This glutamate is a conserved residue throughout in all oxidative decarboxylases, but its exact role in function has not been established, yet. In the present study E270 of Tt IPMDH was replaced by alanine in order to investigate its role in the function and activation of the enzyme by K + .
MATERIALS and METHODS

Enzymes and chemicals
E270 of Tt-IPMDH was mutated into Ala using the QuickChange site-directed mutagenesis kit. The modified enzyme was expressed and purified using the previously published method applied for the wild-type enzyme [8] . The enzyme (about 30 mg/ml) was obtained in a 25 mM MOPS/KOH buffer, pH 7.6 and then lyophilized. 3-Isopropylmalic acid (IPM) was purchased from Wako Biochemicals (Japan), NAD and NADH were Sigma products. All other chemicals were commercially available high purity grade products. Berlin (Germany) [9] . Data were processed using XDS [10] and the structure was determined using MOLREP [11] and the quaternary complex structure of Tt-IPMDH-Mn 2+ -IPM-NADH [7] (PDB entry 4F7I) as a search model. Atomic coordinates were refined using REFMAC5 [12] and manually inspected using COOT [13] . All relevant statistics are presented in Table 1 . The refined structure and the corresponding structure factor amplitudes were deposited to the PDB under the accession code 4WUO.
QM/MM modelling of the redox-reaction catalysed by IPMDH in the absence of the side-chain of E270
In order to ensure maximum comparability with our previous computational results, the Mn 2+ -ion bound generated intermediate structures were taken from that study [7] and the side chain of the E270 amino acid was mutated in silico to alanine. Bound K + -ions were removed and calculations were performed with and without the bound water molecule found in the place of K + in the crystal structure of the E270A mutant. In the previous study three different atom-partitioning schemes (QM1-3) were tested [7] . Here we used QM2 of the previous study as the QM region in the calculation. All modelling details were exactly the same as in the previous study. The activation energy of the hydride transfer reaction with and without the bound water molecule was determined using 3-3 QM/MM energy profiles. Final energies published herein were determined at the B3LYP/6-311+G*/MM level of theory.
Enzyme activity measurements
Activity of IPMDH (wild type: 6-12 μg/ml, i.e., 0.16-0.32 μM monomer, or E270A mutant: 2.1 mg/ml, i.e., 55 μM) was assayed in the presence of 0.5 mM IPM, 0. V max,rel is the maximum relative activation, i.e. the ratio of the maximal activity in the presence and in the absence of the activator. 
FRET measurements
SAXS measurements and data processing
Synchrotron radiation X-ray scattering data were collected on the P12 beam line at the Hamburg EMBL Outstation (on the PETRA III storage ring, at DESY). Solutions of both wild type and E270A mutant of Tt IPMDH, their complexes with Mn 2+ , IPM and NADH (non-functioning complex) in 25 mM MOPS/NaOH buffer, pH 7.6, without and with added KCl (cf. Table 3) , measured at protein concentrations in the range from 5.0 to 10 mg/ml using pixel 2M PILATUS detector (DECTRIS, Switzerland) at a sample-detector distance of 3.1 m, and wavelength  = 1.25 Å, covering the momentum transfer range 0.01 < s < 0.45 Å -1 (s = 4π sin(θ)/λ where 2θ is the scattering angle). The concentrations of Mn 2+ , IPM and NADH in the protein samples were 1 mM, 0.5 mM and 5 mM, respectively. To check for radiation damage, twenty 50-ms exposures were compared; no radiation damage effects were observed. The data, after normalization to the intensity of the incident beam, were averaged, and the scattering of the buffer was subtracted. All data manipulations were performed using the program package PRIMUS [15] .
Structural parameters, the forward scattering I(0) and the radius of gyration R g were evaluated using the Guinier approximation [16] and the program GNOM [17] . The radii of gyration and the scattering patterns from the crystallographic models of wild type apo Tt IPMDH (pdb: 7 2Y3Z) and its substrate complex with Mn 2+ , IPM and NADH (pdb: 4F7I) were computed using the program CRYSOL [18] . The program OLIGOMER [15] was used to calculate the ratio of openand closed-form species present in Tt IPMDH solutions as described in [19] .
RESULTS and DISCUSSION
No K + -binding is observed in the X-ray structure of E270A mutant
The global structure of E270A mutant IPMDH with bound Mn 2+ , IPM and NADH exhibits a closed conformation, but slightly less closed than that of the previously determined [7] wild-type enzyme.
However, the active sites exhibit well defined differences due to the mutation. Fig. 1 illustrates part of the active site of Tt-IPMDH with bound IPM and NADH both of the wild-type (A) and the E270A mutant (B) enzymes. In the wild-type enzyme the carboxylate group of E270 is an important electrostatic ligand for K + -ion. In the active site of the wild-type IPMDH there was a peak observed on the F o -F c difference density map when the K + ion was initially modelled as water, however in case of the E270A mutant enzyme there was no residual density when this peak was modelled as water. Furthermore, chemistry also implies a different species. In the crystal structure of the wildtype enzyme the partially negatively charged carbonyl of Gly70 coordinates the K + -ion, while in the absence of the charged ion, in case of the E270A mutant, the density map shows this carbonyl group facing the other direction (cf. Fig. 1B ) and making a water bridged H-bonding interaction (not shown) towards nicotinamid moiety of NADH.. Thus, one can assume that E270A mutant lacks the ability of K + -binding.
Activation of IPMDH by K + -ion and the kinetic parameters of E270A mutant
Activity of the wild-type Tt-IPMDH was tested both in the absence and in the presence of various concentrations of K + -ion. Fig. 2A shows the well-pronounced activating effect of K + -ion: it increases the k cat value by more than one order of magnitude. Our previous QM/MM calculations, indeed, have shown that the electron-withdrawing effect of K + may polarise the nicotinamide ring of NAD + at its C4-atom and thereby favour the occurrence of the hydride-transfer [7] . On the other hand, the mutant E270A IPMDH, exhibits only a very low (~1 %) activity compared to the wild type enzyme, even in the presence of high excess of K + -ion (cf. Fig. 2B ). The kinetic parameters of E270A mutant and of the wild-type enzyme are compared in Table 2 . Accordingly, E270A exhibits extremely reduced affinity towards K + -ion. The activity of E270A is reduced even in the presence of saturating concentration of K + -ion, suggesting that the glutamate side-chain of E270 itself has some additional catalytic role. The crystal structure shows that E270 is in a direct interaction with the nicotinamide group (cf. Fig. 1A ) and thereby contributes to its proper orientation for the reaction. Indeed, the K m -value of NAD + is increased significantly for E270A compared to that of the wild-type enzyme (Table 2) . Furthermore, as it will be shown below, the side-chain of E270 may stabilize the active closed conformation of the enzyme.
Estimated activation energy of the redox step of IPMDH catalysed reaction in case of E270A mutant
In order to estimate the activation energy of the hydride transfer reaction, 3-3 parallel QM/MM energy profile calculations were carried out for the E270A mutant enzyme with and without the bound water molecule present in the place of K + . The presence of the water molecule had no significant influence on the obtained activation energies. In the case of the three profiles the activation energies in the mutant increased to 18.4, 21.1 and 22.2 kcal/mol, which corresponds to an increase of 3.5, 4.6 and 3.9 kcal/mol, respectively, compared to the wild-type, K + bound structure [7] . Based on chemical thermodynamics it can be expected that 3-4 kcal/mol increase in the activation energy decreases the reaction rate 150 to 1000 fold, which is the range for the experimentally observed 242-fold decrease in the k cat value of the mutant enzyme in the absence of K + compared to the wild-type enzyme at saturating K + concentration.
Both K + -ion and the side-chain E270 are essential for FRET-formation
It has been noted that spectral changes, characteristic of FRET from the Trp side chain(s) of IPMDH to the bound NADH can occur but, interestingly only if the substrate IPM is also bound and stabilizes the closed (active) conformational state of the enzyme [14] . On this basis FRET phenomenon of IPMDH is assumed to be a characteristics of its domain-closed conformation. Here we found that both the mutant E270A and the K + -free wild-type enzyme exhibit only very negligible FRET spectra (Fig. 3A) , that raises the possibility of the absence of domain closure in both cases. The large spectral changes observed upon addition of K + -ion to the wild type enzyme allowed us to determine its binding constant (Fig. 3B ) that is found to be K d = 5.0±0.6 mM, i.e. in good agreement with the value of the activatory constant (K A ) determined above (Table 1) .
However, to test the effects of mutation (E270A) or removal of K + on the domain opening/closing requires more direct experiments. Therefore, SAXS-experiments have been devised.
Domain closure is prevented upon mutation of E270A
SAXS is the most appropriate method to test protein conformational changes occurring in solution, especially if it is accompanied by changes in the shape of the molecule, such as the domain closure.
In our previous studies with the wild-type Tt-IPMDH we clearly detected domain closure in the complex with Mn 2+ and IPM [19] . This experiment was repeated with the mutant E270A that also binds the substrate MnIPM. Table 3 The effect of K + on the domain closure was also investigated and, in contrast to the expectation, no significant effect was detected (Table 3) . Thus, domain-closed conformation for the wild type enzyme can be formed even in the absence of K + -ion, i.e. in the absence of formation of the FRET spectrum (Fig. 3A) . It follows, therefore, that appearance of the FRET spectrum is not always an indication of the domain closured conformation, as was assumed previously. The bound K + -ion may itself contribute to the occurrence of FRET by sensitively influencing the plane orientation of the quinoidal-ring of the bound NADH.
CONCLUSIONS
A conserved glutamate side-chain (E270) in the active site of Tt-IPMDH exhibits multiple roles: i.
it is the main coordinating ligand of the activation potassium ion; ii. it orients properly the reacting nicotinamide ring of NAD + optimal for the enzymatic reduction and iii. it contributes to the formation of the active, closed conformation. This glutamate is conserved among the oxidative decarboxylases and its direct and/or indirect effects may be generalised. determined by fitting the continuous lines to the experimental data using Eq. 1. and summarised in Table 2 . The R g values were computed by two alternative methods, using the program GNOM and Guinier approximation, respectively. The minimum values of discrepancy (in bold) indicate the best correlation between SAXS data and crystallographic model.
LEGENDS to the FIGURES
The small variations in the calculated molecular mass are due to different numbers of residues resolved in different crystal structures.
